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CyanobacteriaPhycobilisomes are themain light-harvesting protein complexes in cyanobacteria and some algae. It is commonly
accepted that these complexes only absorb green andorange light, complementing chlorophyll absorbance. Here,
we present a new phycobilisome derived complex that consists only of allophycocyanin core subunits, having
red-shifted absorption peaks of 653 and 712 nm. These red-shifted phycobiliprotein complexes were isolated
from the chlorophyll f-containing cyanobacterium, Halomicronema hongdechloris, grown under monochromatic
730 nm-wavelength (far-red) light. The 3Dmodel obtained from single particle analysis reveals a double disk as-
sembly of 120–145 Å with two α/β allophycocyanin trimers ﬁtting into the two separated disks. They are signif-
icantly smaller than typical phycobilisomes formed from allophycocyanin subunits and core-membrane linker
proteins, which ﬁt well with a reduced distance between thylakoid membranes observed from cells grown
under far-red light. Spectral analysis of the dissociated and denatured phycobiliprotein complexes grown
under both these light conditions shows that the same bilin chromophore, phycocyanobilin, is exclusively
used. Our ﬁndings show that red-shifted phycobilisomes are required for assisting efﬁcient far-red light harvest-
ing. Their discovery provides new insights into themolecularmechanismsof light harvesting under extreme con-
ditions for photosynthesis, as well as the strategies involved in ﬂexible chromatic acclimation to diverse light
conditions.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Phycobilisomes (PBSs) are supramolecular complexeswithmolecular
weights of typically 5–30 MDa, composed mainly of two structural
components: chromophore-bearing phycobiliproteins, and their associ-
ated, mostly colorless, linker polypeptides [1–3]. Phycobiliprotein com-
plexes are grouped into four major categories based on their spectral
properties and chromophore (bilin) compositions: phycoerythrins and
phycoerythrocyanins that absorb in the teal to green region of
500–565 nm, as well as phycocyanins (PCs) and allophycocyanins
(APCs) that absorb in the orange (~620 nm) to red regions (655 nm), re-
spectively [4–7]. The linker peptides aggregate trimeric phycoerythrins
(phycoerythrocyanins) and PC units into rods, as well as APC units into
core structures; they also connect the rods to the core, and the entire
PBS to the thylakoid membrane [3,7–11]. Additionally, linkers play animportant role in modulating the spectroscopic properties of
phycobiliproteins [5,12]. Typically, the PBS captures light that is poorly
absorbed by chlorophylls. It transfers this excitation, with high quantum
efﬁciency, from the rods to the APC core, and then on toward the
chlorophyll-binding protein complexes in the photosynthetic mem-
branes [1,13]. The APC core consists of bulk APC α and β subunits and
two terminal emitters with red-shifted chromophores (λmax ~ 665 nm),
i.e., a specialized α−subunit known as allophycocyanin-B (APC-B) [14],
and the chromophorylated core-membrane linker, LCM. They are also
known as ApcD and ApcE, respectively, according to their encoding
genes [15,16]. ApcD is a member of the phycobiliprotein family
(pfam00502), while ApcE has a more complex structure, comprising
some additional linker repeats (pfam00427). The number of linker re-
peats of ApcE determines the number of parallel cylindrical units of the
core [2,13–18]. The excitation energies of ApcD and ApcE (~665 nm)
are intermediate in energy to the bulk phycobiliproteins of the PBS and
chlorophyll (Chl) a. Although of low abundance, they are essential be-
cause their chromophores funnel all excitation harvested by the PBS to
Chl a in the photosystems [12,13].
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nomenon, where a change in photosynthetic pigmentation in a cell oc-
curs in response to changing light conditions [19–25]. There are several
types of CCA [26,27]. One example is the change in the ratio of PC to
phycoerythrin in Fremyella diplosiphon[28]. In this species, in response
to the amount and ratio of green and red light, altered biosynthesis of
phycobiliproteins and linkers results in PBS reorganization [19]. Very re-
cently, Gan et al.[27,29] used a systems biology approach to identify a
new type of CCA. The cyanobacterium, Leptolyngbya sp. strain JSC-1, syn-
thesizes the red-shifted chlorophylls, Chl d and Chl f, when grown in far-
red light (FRL) (N700 nm). A 21-gene photosynthetic gene cluster likely
to be regulated by the rfpA/B/C two-component system is speciﬁcally
expressed in FRL, which can be applied as a “biomarker” for far-red
light photoacclimation (FaRLiP) [27,30].
When annotating the complete genomic sequence ofHalomicronema
hongdechloris—a Chl f-containing cyanobacterium [31,32], a similar gene
cluster was noticed (unpublished, NCBI SUB897144: LAZT00000000).
The phenomenon of FRL-induced chlorophyll f biosynthesis, as a part
of the FaRLiP phenomenon, also was observed in this cyanobacterium
[32]. H. hongdechloris has a similar pigment composition to other
cyanobacteria when grown under white light (WL) conditions, but syn-
thesizes Chl f in response to FRL: this is accompanied by a decrease in
phycobiliproteins [32,33].
To characterize properties of phycobiliproteins and their roles
in response to FRL, we isolated phycobiliprotein complexes from
H. hongdechloris cells grown under WL and FRL. The isolated PBS from
WL-grown H. hongdechloris had a standard spectral signature. In
contrast, PBS from cells grown under FRL exhibited an extended red-
shifted absorption peak of 712 nm—the most red-shifted absorption
wavelength of a phycobiliprotein reported to date. Furthermore,
ultrastructural imaging analysis of isolated PBS conﬁrmed that these
PBS are smaller than the typical PBS of WL-grown cells. This agrees
well with observations from small-angle neutron scattering analysis
(SANA). The polypeptide composition analysis conﬁrmed that the red-
shifted PBS complexes mainly contain allophycocyanin (APC) subunits,
which suggests a new formof organization in the phycobiliprotein com-
plexes in response to FaRLiP in H. hongdechloris.
2. Materials and methods
2.1. Isolation and puriﬁcation of phycobiliprotein complexes
H. hongdechloriswas grown in a modiﬁed K + ES seawater medium
at 32 °C under continuous illumination using either 730 nm light emit-
ting diodes (LEDs) (FRL)/20 μE or white ﬂuorescence (WL)/20 μE[32].
The harvested cells were broken using FastPrep-24 (MP Biomedicals)
in 0.8 M phosphate buffer (pH 7.5) with 1 mM phenylmethylsulfonyl
ﬂuoride for 8 intervals of 30 s. Triton X-100was added to a ﬁnal concen-
tration of 1% (v/v) and incubated for 30 min before of centrifuging at
16,000 ×g for 20 min to remove unbroken cells and debris. The blue
supernatant was collected and loaded onto a 7-step sucrose gradient
(2.5–30% in 0.8 M phosphate buffer). The gradient was ultracentrifuged
using SW 40 Ti at 150,000 ×g at 17 °C for 16 h.
2.2. Spectral analysis
Absorption spectral analyseswere performed using a ShimadzuUV–
VIS 2550 spectrophotometer at room temperature. Steady-stateﬂuores-
cence spectral analysis was performed using a Varian Cary Eclipse Fluo-
rescence spectrophotometer with the aid of a Cryostat attachment
(Oxford Instruments, UK). Each collected sucrose-density fraction was
diluted to a maximum absorbance ≤0.1 using 65% (v/v) glycerol. To in-
crease the signal-to-noise ratio, the ﬂuorescence spectra were obtained
from the average of 50 repeated readings and smoothed by the
Savitzky–Golay method using Origin software (version 9.0).2.3. Protein composition of isolated phycobiliprotein complexes
The sucrose gradient fractionswere precipitated by adding 10% (v/v)
trichloroacetic acid and resuspended in a sample buffer (containing
50 mM Tris–HCl pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol,
0.02% bromophenol blue) for SDS-PAGE. The SDS-PAGE gels were
stained using Coomassie Brilliant Blue G-250 and 1 mM zinc sulfate,
respectively, for visualizing the separated peptides and covalent
chromophore-binding peptides. The bands of interest were excised
from the gel for peptide mass ﬁngerprinting (PMF) analysis. The total
polypeptide composition of fractions generated from the sucrose gradi-
ent was also obtained by using LC-MS/MS methods.
2.4. Total polypeptide composition analysis
The fractions generated from the sucrose gradient were concentrated
andpuriﬁedby ZipTip C-18 tips (Millipore, Germany). The eluted peptide
sample was diluted in 0.1% (v/v) formic acid before loading to a QSTAR
Elite Q-TOF mass spectrometer for LC-MS/MS. To avoid carry over con-
tamination, a blank run was inserted between samples. The data were
analyzed with Analyst QS V2.0 software (Applied Biosystems) and
searched in Mascot (Matrix Science, UK) against the National Center for
Biotechnology Information (NCBI) database and the H. hongdechloris ge-
nome sequence draft (unpublished, NCBI SUB897144: LAZT00000000).
2.5. Peptide mass ﬁngerprinting analysis
The bands of interest from SDS-PAGE were excised from the gel,
digested by in-gel trypsin (12 ng/μl in 25 mM ammonium bicarbonate)
overnight at 37 °C. Tryptic peptide fragments were subjected toMALDI-
TOF mass spectrophotometer and PMF readings determined by
searching in Mascot (Matrix Science) against the NCBI database and
the H. hongdechloris genome sequence draft (unpublished, NCBI
SUB897144: LAZT00000000).
2.6. High performance liquid chromatography
The chlorophyllous pigments from the isolated phycobiliprotein
complex fractions were tested by butanol extraction. The extracted pig-
ments were resuspended in solvent A (acetonitrile: methanol: water
(v/v/v) = 9:9:2) and then monitored using a reversed-phase C12 col-
umn (150 mm × 4.60 mm; Synergi 4u MAX-RP 80A, Phenomenex,
USA) using a gradient program with a ﬂow rate of 1 ml/min. The HPLC
was run for 5 min with solvent A; then as a linear gradient for 10 min
from solvent A to 100% methanol and then in 100% methanol for
25min. On-line spectra weremonitoredwith a photodiode array detec-
tor (SPD-M10Avp; Shimadzu Corp.) for the wavelength range of
400–800 nm.
2.7. Electron microscopy
Whole cell ultrastructural analysis was carried out following the
protocol described in Chen et al. 2012 [32]. The isolated phycobilisomes
(FR1 andWL5 fractions, Fig. 1A) were subjected to negative staining on
freshly prepared carbon grids for single particle analysis (details in Sup-
plementary information). Single particle analysis and reconstruction
were performed using the EMAN2 program package following the nor-
mal EMAN2workﬂow [34]. The structure of red-shifted phycobilisomes
has been deposited in the RCSB Protein Data Bank (rcsb160485 and PDB
ID code 3JBB).
2.8. Neutron scattering analysis and data processing
Small-angle neutron scattering measurements were made on the
conventional reactor based pin-hole instrument Quokka [35] at the
Bragg Institute of the Australian Nuclear Science and Technology
Fig. 1. Isolation of phycobiliprotein complexes and their spectral characterization. A: The sucrose density gradient comparison generated from H. hongdechloris grown under white light
(WL) or far-red light (FRL) conditions. There are ﬁve fractions resolved fromWL-grown H. hongdechloris cells (WL1–WL5) and one band resolved from FRL-grown H. hongdechloris cells
(FR1). B: Absorption spectra of isolated phycobiliproteins at room temperature (293 K). C: Steady-state ﬂuorescence excitation spectra recorded using emissionwavelength of 715 nm for
WL fractions and 725 nm for the FR1 fraction at 77 K. D: Steady-state ﬂuorescence emission spectra recorded using excitationwavelength of 580 nm at 77 K. E: Absorption spectra for FR1
andWL5 fractions in 0.8Mphosphate buffer and 50mMphosphate buffer, respectively. F: Absorption spectra of denatured FR1 andWL5 fractions in 8Murea at pHof 7.0 and 1.5. Red lines
are for FR1 fractions, while blue and black lines are for WL fractions.
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ration was optimized to provide the highest Δq resolution [36] by min-
imizing the effects of beam divergence on the measurement, and at the
same time using the highest possible neutron ﬂux from an Astrium ve-
locity selector that provided neutrons of 5 Å (10%Δλ/λ), with a deﬁning
aperture of 5 mm used immediately before the samples. The details of
operations and data processing are listed in previous publications
[32,37], and Supplementary information.
3. Results
3.1. Isolation and spectral analysis of phycobiliprotein complexes
The pigment composition of H. hongdechloris showed switchable
changes in response to the light environments. The decreasing PC
index (A625−780 nm/A678−780 nm) and increasing Chl f to Chl a index
(A730−780 nm/A678−780 nm) stabilized at about 8 days (Fig. S1). The
cells are grown under assigned light conditions (WL or FRL) for three
weeks before of harvesting for protein complexes isolations. The cell ly-
sates of H. hongdechloris in a high ionic strength phosphate buffer were
fractionated using a sucrose density gradient (Fig. 1). Five blue bands
(WL1 to WL5) were resolved from WL-grown cells, but only one blue
band (FR1) from those grown under FRL conditions (Fig. 1A). The FR1
fraction had two absorption peaks of 653 nm and 712 nm, which were
both red-shifted compared to the main absorption peak of 625 nm
from WL fractions (Fig. 1B). There was no absorption at 712 nm for
WL fractions. In fact, none of the WL fractions absorbed N700 nm, al-
though a 651 nm absorption was found in the WL2 band (Fig. 1B).
Therewere noticeable differences in the size of the FR1 fraction com-
pared with the WL fractions, as well as with previous reported red-
shifted phycobiliprotein complexes [27,29]. The red-shifted PBS isolated
from FR1 was much smaller than PBS from WL-grown cells (fraction
WL5), with a density similar to the WL3 fraction (Fig. 1A).
The ﬂuorescence excitation spectra of FR1 using an emission wave-
length of 725 nm revealed two maxima at 627 nm and 657 nm
(Fig. 1C). In contrast, there was no ﬂuorescence recorded from any ofthe WL fractions using the emission wavelength of 725 nm (data not
shown) and less than 25% ﬂuorescence excitation recorded for an emis-
sionwavelength of 715 nm (Fig. 1C). The emission ﬂuorescence proﬁles
forWL and FR1 fractionswere clearly distinguishable: themain ﬂuores-
cence maximum for WL samples was 644 nm, although the WL3 frac-
tion also exhibited a peak at 657 nm; while for the FR1 fraction, it was
728 nm (Fig. 1D).
The FR1 phycobiliprotein complex was further characterized by dis-
sociating it in a low ionic strength phosphate buffer (50mM). Following
dissociation, the 653 nm absorption peak shifted to 625 nm, which was
the same shift found in dissociatedWL5 fractions (Fig. 1E), and is a typ-
ical spectral feature for PCs and, in particular, APCs [38]. Interestingly,
the 712 nm-absorption peak for FR1 was stable, with no changes ob-
served following dissociation (Fig. 1E). The bound chromophore was
characterized after denaturing the protein in 8 M urea [39]. Denatured
FR1 andWL5 fractions had similar spectral proﬁles and showed similar
spectral changes upon protonation (Fig. 1F). Both are characteristic of
phycocyanobilin, suggesting that the same phycobilin chromophores
were present in phycobiliprotein complexes isolated from both FR1
and WL5. This behavior also rules out that the 712 nm-absorption
peak is due to a chlorophyllous pigment (Supplementary information,
Fig. S2). A shoulder at 665 nm in the proﬁle of denatured FR1 at pH 7
is observed.
3.2. Polypeptide composition
Analysis of themajor protein bands using 15% acrylamide SDS-PAGE
(Fig. 2) revealed that the isolated WL5 fraction (the heaviest fraction
from the WL sucrose gradient) comprised the intact PBS, containing
all subunits for PC rods (CpcA, CpcB, CpcC's and CpcG), and the APC
core, including the core-membrane linker (ApcE1) (Fig. 2A and
Table S1). The WL3 and WL4 fractions had a similar peptide pattern,
and mass analysis revealed that they mainly contained isolated PC
rods, with bulk PC subunits (positive Zn staining) and the rod linkers
(CpcC's). The WL2 fraction was enriched in bulk APC subunits based
on its main absorption peak at 651 nm, and its peptides (Figs. 1B, 2).
Fig. 2. Polypeptide composition of isolated phycobiliprotein complexes by SDS-PAGE. A: stainedwith Coomassie Brilliant Blue. B: Zinc-inducing ﬂuorescence staining. Lanes aremarked as
for the sucrose gradient fractions in Fig. 1A. C: Peptides of interest (bands 1–12 excised from 2A) identiﬁed using aMALDI-TOFmass spectrophotometer. Peptides marked in red font rep-
resent variants with the same function, but encoded by different genes. ApcA and ApcB are allphycocyaninα and β subunits. CpcA and CpcB are phycocyaninα and β subunits. CpcC is the
phycocyanin associated rod linker; CpcG is the phycocyanin-associated rod-core linker; ApcE is the phycobilisome core-member linker; and RuBisCO represents ribulose bisphosphate
carboxylase-oxygenase. M is the molecular weight markers (200, 150, 100, 75, 50, 37, 25, 20, 14 kDa).
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core-membrane linker (ApcE2), which was signiﬁcantly smaller than
ApcE1 in WL-grown cells (Fig. 2).
Zn-staining conﬁrmed compositional differences between FR1 and
WL fractions (Fig. 2B). A detailed peptide analysis of these proteins by
PMF indicated that the main APC subunits in the FR1 fraction were dis-
tinct from those found in theWL fractions (Fig. 2C). They are designated
ApcE2, ApcA2 and ApcB2, and their genes are mainly located in the
“FaRLiP” special gene cluster (Table S1). The bulk allophycocyanin α
and β (ApcA/B) subunits were present in all FR1 and WL fractions, but
the bulk phycocyaninα andβ subunits (CpcA/B)were almost undetect-
able in the FR1 fraction. The FR1 fraction also contained additional APC
proteins that are different from the bulk APCs detected in WL fractions
(Table S1).
The PBS from theWL5 fraction contained typical polypeptides for PC
rods. The size of ApcE1 (~120 kDa) is characteristic of LCM120 in a penta-
cylindrical PBS core (Fig. 2, lane WL5, band 4). In contrast, ApcE2 in
the FR1 fraction was much lighter (~75 kDa); it is characteristic for an
LCM with only two linker domains (pfam00427) in a bicylindrical core
(Fig. 2, lane FR1, band 9). The lack of ﬂuorescence after Zn-staining sug-
gests that it does not carry a covalently bound chromophore, unlike
ApcE1 inWL fractions (Fig. 2B). Likewise, ApcE2 lacked the Cys for cova-
lent binding of a chromophore in the phycobiliprotein domain
(pfam00502) [5,27].
Our biochemical experiments indicate that the isolated red-shifted
FR1 fraction constitutes mainly an APC core associated with ApcE2.
Butanolic pigment extraction and high performance liquid chromatog-
raphy of both FR1 and WL fractions conﬁrmed that these isolated
phycobiliprotein complexes were chlorophyll-free (Fig. S2). Although
trace amounts of oligopeptides from bulk CpcA and CpcBwere detected
in the isolated FR1 fraction as peptides in the liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis (Table S1), they
were not obvious in the stained SDS-PAGE, andwere clearly insufﬁcient
for regular rod formation. This contrasts with WL-grown cells contain-
ing PBS with a penta-cylindrical core in their centre and PC-containing
rods, which are compositionally similar to many other cyanobacteria
[3].
3.3. Structural model for red-shifted phycobilisomes
The negative staining of isolated protein complex particles from the
WL5 fraction conﬁrmed that it contains intact PBS, with a rod and core
structure (Supplementary information, Fig. S3). As expected from
their position in the sucrose density gradient, the micrographs of the
FR1 fraction show smaller particles compared to the WL5 fraction.
These particles were homogeneous in size and shape, as shown inFig. 3A. Visual inspection of the initial class averages from the single par-
ticle analysis suggested that the particles had C6, D6 or possibly D3 sym-
metry (Fig. 3B). An initial 3Dmodel was built using e2initialmodel with
C6 symmetry [34]. The 3D model was reﬁned using e2reﬁne_easy at a
target resolution of 25 Å using D3, C6 and D6 symmetry to yield three
separate 3D models. The models with C6 and D6 symmetry had a very
uneven density distribution and only a few of the projectionswere sim-
ilar to the initial class free averages. In contrast, themodel with D3 sym-
metry had a relatively even density distribution and all of the initial
reference free class averages were represented in the 2D projections
of this model (Fig. 3C). This model consisted of two disks with three re-
gions of density linking these two disks. Comparison of the two models
obtained using odd and even particles were similar to the ﬁnal model in
the disk regions but varied somewhat in the location of the densities
linking the two disks. The ﬁnalmodel with D3 symmetrywas estimated
to be at a resolution of 26 Å using the Fourier shell correlation (FSC)
curve criteria [40].
Allophycocyanin B trimers (4po5; 14) were ﬁtted to the two disk re-
gions in the 3D electron microscopy model using Chimera [40,41], as
shown in Fig. 3. Over 99.5% of the atoms ﬁtted within the electron mi-
croscopy map. The densities linking the two trimers of allophycocyanin
in this model are predicted to be ApcE2. This prediction correlates well
with the relative proportions of these proteins from SDS-PAGE (Fig. 2A,
lane FR1).
Comparison of the ultrastructure of H. hongdechloris grown under
either WL or FR light demonstrated no obvious difference in cell mor-
phology (Fig. 4). Under both light conditions, cells have a ﬁlamentous
structure surrounded by a ﬁbrous sheath-like layer with a thickness of
0.07–0.15 μm (n = 200). The cells are cylindrical, 0.6–0.8 μm (n =
60) diameter and 1.0–1.3 (n = 60) μm long, depending on the extent
of cell elongation since the last division. However, the differences
were observed in the distances between thylakoid membranes layers
in H. hongdechloris grown under WL and FR light (Fig. 4). Electron mi-
croscopy of ultrathin sections and SANA of whole cells provided addi-
tional evidence for a structural reorganization of the smaller PBS in
response to FRL acclimation. There were 3–4 layers of thylakoid mem-
branes inWL-grown cells (Fig. 4A, B and C),while therewere 5–7 layers
of thylakoidmembranes in the FRL-grown cells (Fig. 4D, E and F). More-
over, the central cytoplasmic region appeared to be much smaller in
FRL-grown cells. The thickness of the thylakoid membrane layers
(enclosing the lumenal space) was the same for H. hongdechloris
grown under both light conditions, with 10.5 ± 1.4 nm (mean ± SD,
n = 100) for WL-grown cells (A, B and C), and 10.2 ± 1.2 nm
(mean ± SD, n = 100) for FRL-grown cells (D,E and F) (no difference,
p N 0.05). However, the distances between different thylakoid mem-
brane layers, i.e., the inter-thylakoid distance, varied considerably. For
Fig. 3. Negative-stained single particle analysis. A: The negative-stained EM images of the FR1 fraction; B: Grouped EM images after 420 image processes; and C: The 3D assembled novel
phycobilisomes consisting of only APC core subunits. Allophycocyanin α and β trimer disk has ~12.7 nm in diameter; the height of double disks is ~13 nm and the longest distance is
14.5 nm. The structure of red-shifted phycobilisomes has been deposited in the RCSB Protein Data Bank (rcsb160485 and PDB ID code 3JBB).
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were separated by an inter-thylakoidal spacing distance of 32.5 ±
3.8 nm (mean ± SD, n = 500). In contrast, FRL-grown cells had
thylakoid membranes separated by a space of only 16.8 ± 4.1 nm
(mean ± SD, n = 500) (Fig. 4).
SANA of a suspension with intact cells equilibrated in 2H2O yielded
typical pseudo-Bragg peaks (qmax), the positions of which reﬂect an av-
erage repeat separation distance [42]. In all SANA curves, there were a
number of peaks, indicating a number of repeat distances (Fig. 5). Peak
2 at 0.02 Å−1 in WL-grown cells equates to a distance of 30 nm, corre-
sponding to the inter-thylakoidal spacing (stroma), as well as the ex-
pected size of a single layer of PBSs (Fig. 5). This distance agrees well
with the observed inter-thylakoidal spacing distance of 26–41 nm
(32.5 ± 3.8 nm) measured using electron microscopy (Fig. 4). The
peak at 0.056 Å−1 equates to a distance of 11.2 nm, consistent with
the lumen spacing distance observed in electron microscopic images of
10.5 ± 1.44 nm (16.8 ± 4.1 nm) (Fig. 5). In contrast, SANA curves
(Fig. 5A) from FRL-grown cells gave different peak positions. The peak
at 0.043 Å−1 equates to a distance of 14.6 nm, consistent with theFig. 4.Whole-cell transmission electronmicroscopy images, and enlargements illustrating thyla
lines in C and F depict the center-to-center thylakoidmembrane spacing distances. Scale bars are
light.observed inter-thylakoidal spacing distance of 10.5–22.3 nmmeasured
using electron microscopy (Fig. 4). This inter-thylakoidal spacing is too
narrow to accommodate typical PBS. However, it matches a hexamer
APC core structure (Fig. 3). The peak 4 at 0.058 Å−1 equates to a distance
of 10.8 nm, consistent with the lumen spacing distance observed under
the electron microscope (10.23 ± 1.21 nm).
The undeﬁned peak 2 for FRL-grown cells at 0.017 Å−1, which
equates to a distance of 36.9 nm, could correspond to the appressed thy-
lakoid membrane spacing, with a lumen + stroma + lumen arrange-
ment (10.8 + 14.6 + 10.8 Å = 36.2 nm) (Fig. 5). There were more
than ﬁve layers of thylakoid membranes in FRL-grown cells. However,
the undeﬁned pseudo-Bragg peak for WL-grown cells at 0.0097 Å−1,
which equates to a distance of 64.7 nm, could not be assigned to a
lumen + stroma arrangement, given that there were limited layers of
thylakoid membranes, and no repeat structure observed in these cells.
Whether this peak was generated from a PBS structure with a very
small number of repeats/unit cells is still unresolved. The strong inten-
sity of peak 3 at 0.043 Å−1 (14.6 nm) for FRL-grown cells also agrees
well with the increased layers of thylakoid membranes observed inkoid membrane spacing ofWL-grown cells (A,B,C), and FRL-grown cells (D,E,F). The black
50 nmfor images C and F, and are 200 nmfor A,B,D and E.WL=white light; FRL= far-red
Fig. 5. Small-angle Neutron Scattering Analysis (SANA) curves over an extended q-range obtained from the radially averaged two-dimensional data at three sample-to-detector distances.
(A): The distance (d) is calculated from d (Å) = 2π/q and presented in the insert table (B). C: Novel complementary chromatic acclimation model for H. hongdechloris. Thylakoid mem-
branes with phycoblisomes fromWL-grown cells and remodeled thylakoid membranes with red-shifted phycobilisomes from FRL-grown cells. Remodeled red-shifted phycobilisomes
mainly consist of an APC core with alternative peptides. WL = white light; FRL = far-red light.
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WL-grown cells.
4. Discussion
H. hongdechloris uses chlorophyll f as an accessory pigment to Chl a
when grown under 730 nm-light [32]. It was surprising to discover
the formation of remodeled PBS (Fig. 3) having an absorption
maximum N700 nm in response to FRL, since an ability to absorb at
N700 nm-wavelength is far beyond the normal PBS absorption range
(550–650 nm). A “typical” PBS in H. hongdechloris would be of no
beneﬁt under FRL conditions, when Chl f is produced, since the PC-
containing rods in a “typical” PBS would not be able to absorb at
730 nm, and anywhite light absorbed could not be transferred efﬁcient-
ly to Chl f because of the large energy difference to the terminal emit-
ters, ApcD and ApcE (N60 nm). However, the red-shifted remodeled
PBSs induced by FRL have absorption properties that overlap more
strongly with Chl f; hence, the energy carried by such red-shifted PBS
produces an additional absorption cross-section for photosystems driv-
en by red-shifted chlorophylls. Therefore, H. hongdechloris has demon-
strated a new CCA strategy, which involves loss of the PC-containing
rods, and remodeling of the corewith novel FRL-absorbing APC variants
(Table S1). These FRL-absorbing APC variants are FRL-inducible and
form red-shifted phycobiliprotein complexes that are chromatically
adapted to FRL, complementing the absorption properties of red-
shifted Chl f[31] and its related photosynthetic systems [32]. This
study shows that such modiﬁcations in phycobiliprotein complexes
are well developed under environments that are devoid of visible
light. This would allow a new light absorption and energy transfer
mechanism that enhances the capture of near-infrared light. It is likely
that the remodeled PBS devoid of rods played an important role in the
evolution of core proteins, with novel red-shifted absorption, and in
the synthesis of new photopigments.Energy ﬂows preferentially from higher to lower energy pigments.
In WL-grown cells containing typical PBS, energy ﬂows from the PC
rods to the APC core, and then via APC-B (ApcD) and ApcE to the
chlorophyll-binding protein complexes in the membranes [1,8]. In
H. hongdechloris, energy captured by the red-shifted APC variants
(λmax = 653 nm) ﬂows via the far-red-shifted APC variants, including
APC-B and/or ApcE2 variants (λmax = 712 nm) to the low-energy chlo-
rophylls in the membrane, including Chl f (λmax = 730 nm). Details of
the energy ﬂow between Chl a and Chl f and the properties/energetics
of their reaction centers are yet to be explored.
There are three copies each of apcA, apcB, and the APC-B encoding
apcD in the H. hongdechloris genomic sequence draft (unpublished,
NCBI SUB897144: LAZT00000000). The different peptide compositions
observed in WL fractions compared with the FR1 fraction agree well
with the results of Gan et al.[27,29], in which a unique gene cluster of
“FaRLiP” are upregulated in response to red light. However, there are
no phycoerythrins and phycoerythrocyanins related genes detected in
the H. hongdechloris gene draft, which demonstrates a unique FaRLiP
response with respect to previous reports [27,29,30]. H. hongdechloris
also has only Chl a and f in addition to red-shifted PBS. There is no
Chl d detected, as an assisting pigment under any culture conditions,
which is different from Leptolyngbya strain JSC-1 and other reported
cyanobacteria having Chl a, d and f under FRL conditions [27,29,30]. In
addition, a clear differencewas also observed in the location of themax-
imal absorption peak of isolated phycobilisomes: FR1 had its maximal
absorption peak at 712 nm, which was ~4 nm more red-shifted
compared with the 708 nm peak for the re-modeled PBS reported by
Gan et al.[27,29].
At this stage, we do not know the molecular basis for such red-
shifted absorbance in these phycobiliprotein complexes. It likely
involves non-covalent binding of the chromophore (see below), in
combination with a coplanar arrangement of the four pyrrole rings of
the phycocyanobilin chromophore [14]. Further detailed studies of
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needed to resolve the reasons for this red-shifted absorption feature
that matches red-shifted chlorophyll absorptions.
There are multiple copies of genes encoding AP-B, bulk ApcA, and
ApcB, in addition to two copies of apcE genes. The seven APC-related
peptides induced under FRL are contained in two gene clusters (unpub-
lished, NCBI SUB897144: LAZT00000000). Five of them are together
with the genes encoding the photosystems I and II, which is similar to
the previously reported cluster in Leptolyngbya strain JSC-1 [27] and
other cyanobacteria [29]. This common “FaRLiP” gene cluster suggests
that a similar regulatory mechanism occurs in H. hongdechloris, al-
though the “knotless phytochrome photoreceptor”-related genes
(rfpA-C) are located upstream of photosystem II (psbA) in Leptolyngbya
strain SC-1, and downstream inH. hongdechloris. The phylogenetic anal-
ysis of apcE genes conﬁrmed predicted linker domains (pfam00427)
and their functional annotations (Supplementary information, Fig. S4).
One contained four repetitive linker sequences (ApcE, I–IV) similar to
those found in ﬁlamentous cyanobacteria [3,5], and the other contained
only two repetitive linker sequences grouped with other ApcE2 from
cyanobacteria [3,5,27]. The mutant ApcE/C186S in Synechococcus PCC
7002 revealed similar signiﬁcant red-shifted spectral properties, be-
tween 682 nm and 720 nm wavelengths, because the conjugated
double-bond system of PCB is not shortened by the Cys addition [12].
The chromophore-binding domain in the FRL-induced ApcE2 also
lacks the putative Cys for this bond. There is no Zn-stainingﬂuorescence
of this band in Fig. 2B, in contrast to the ApcE1 present in the WL frac-
tions that does contain Cys (Fig. 2, lane WL5, band 4). Although we
were unable to determine the stoichiometry of the different proteins
in FR1, the relative high intensity of ApcE2 in the SDS-PAGE gel (Fig. 2,
lane FR1) and the high content of AP-B in the phycobiliprotein bands
around 17 kDa are both compatible with our interpretation. The
unmatched capacity for adapting and acclimating their photosynthetic
apparatus has allowed cyanobacteria to grow under almost any light
climate and accommodate to its changes. Understanding their
remodeled photosynthetic apparatus at various levels may contribute
tomeeting the challenges of the global demands on agricultural produc-
tion [43].
5. Conclusions
Phycobilisomes, the main light-harvesting complexes in cyano-
bacteria, absorb light ranging from green to red, where chlorophylls
have poor absorbance. Here, we report the structure of red-shifted
phycobilisomes with absorption peaks of 653 and 712 nm, isolated
from the cyanobacterium H.hongdechloris containing chlorophyll a and
f. One red-shifted absorbance peak is far beyond the absorbance limits
of 700nm for Chl a-containing organisms,ﬁtting into the energy gapbe-
tween Chl a (700 nm) and Chl f (750 nm). These red-shifted absorption
features are part of a reducedmodel of phycobilisome, with altered pig-
ment binding states within the protein complexes. These new red-
shifted phycobilisomes represent a newmechanism for complementary
chromatic acclimation used by oxygenic photosynthetic organisms, pro-
viding new approaches tomeet the challenges of the global demands on
agricultural production.
Transparency document
The Transparency document associated with this article can be
found in the online version.
Acknowledgements
Yq.L was a PhD candidate supported by the China Scholar Council
(201208200004). In addition, the research was supported by
Australian Research Council grant DP120100286. MC holds an
Australian Research Council Future Fellowship (FT120100464). Yq.Land RDW thank Ms. Nicole Vella (Macquarie University) for assisting
with electron microscopy. We also thank the Australian Research
Council Centre of Excellence for Translational Photosynthesis
(CE140100015) for support.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.10.009.
References
[1] A.N. Glazer, Phycobilisome a macromolecular complex optimized for light energy
transfer, Biochim. Biophys. Acta 768 (1984) 29–51.
[2] W.A. Sidler, Phycobilisome and phycobiliproteins structures, in: D.A. Bryant (Ed.),
The Molecular Biology of Cyanobacteria; Advances in Photosynthesis and Respira-
tion, Kluwer Academic, Dordrecht, Netherlands 1994, pp. 139–216.
[3] M. Watanabe, M. Ikeuchi, Phycobilisome: architecture of a light-harvesting
supercomplex, Photosynth. Res. 116 (2013) 265–276.
[4] A.N. Glazer, Light guides. Directional energy transfer in a photosynthetic antenna,
J. Biol. Chem. 264 (1989) 1–4.
[5] A.N. Glazer, Light harvesting by phycobilisomes, Annu. Rev. Biophys. Biophys. Chem.
14 (1985) 47–77.
[6] A.A. Arteni, G. Ajlani, E.J. Boekema, Structural organization of phycobilisomes from
synechocystis sp. strain PCC 6803 and their interaction with the membrane, Biochim.
Biophys. Acta 1787 (2009) 272–279.
[7] L. Wang, et al., Isolation, puriﬁcation and properties of an r-phycocyanin from the
phycobilisomes of a marine red macroalga polysiphonia urceolate, PLoS One 9
(2014), e87833.
[8] L. Liu, X. Chen, Y. Zhang, B. Zhou, Characterization, structure and function of linker
polypeptides in phycobilisomes of cyanobacteria and red algae: an overview,
Biochim. Biophys. Acta 1708 (2005) 133–142.
[9] A. Parbel, H. Scheer, Model for the phycobilisome rod with interlocking disks based
on domain-weighted linker-polypeptide sequence homologies of Mastigocladus
laminosus, Int J Photoen 2 (2000) 31–40.
[10] M.G. Rakhimberdieva, V.A. Boichenko, N.V. Karapetyan, I.N. Stadnichuk, Interaction
of phycobilisomes with photosystem II dimers and photosystem I monomers
and trimers in the cyanobacterium Spirulina platensis, Biochemistry 40 (2001)
15780–15788.
[11] O. Tal, B. Trabelcy, Y. Gerchman, N. Adir, Investigation of Phycobilisome subunit in-
teraction interfaces by coupled cross-linking and mass spectrometry, J. Biol. Chem.
289 (2014) 33084–33097.
[12] Y.M. Gindt, J. Zhou, D.A. Bryant, K. Sauer, Core mutations of Synechococcus sp. PCC
7002 phycobilisomes: a spectroscopic study, J. Photochem. Photobiol. B 15 (1992)
75–89.
[13] H. Liu, et al., Phycobilisomes supply excitations to both photosystems in a
megacomplex in cyanobacteria, Science 342 (2013) 1104–1107.
[14] P.P. Peng, et al., The structure of allophycocyanin B from synechocystis PCC 6803 re-
veals the structural basis for the extreme redshift of the terminal emitter in
phycobilisomes, Acta Crystallogr D 70 (2014) 10.
[15] A. Ducret, et al., Reconstitution, characterisation and mass analysis of the
pentacylindrical allophycocyanin core complex from the cyanobacterium Anabaena
sp. PCC 7120, J. Mol. Biol. 278 (1998) 369–388.
[16] A.N. Glazer, D.A. Bryant, Allophycocyanin B (λmax 671, 618 nm): a new
cyanobacterial phycobiliproteins, Arch. Microbiol. 104 (1975) 15–22.
[17] C. Dong, et al., ApcD is necessary for efﬁcient energy transfer from phycobilisomes to
photosystem I and helps to prevent photoinhibition in the cyanobacterium
Synechococcus sp. PCC 7002, Biochim. Biophys. Acta 1787 (2009) 1122–1128.
[18] J.C. Gingrich, D.J. Lundell, A.N. Glazer, Core substructure in cyanobacterial
phycobilisomes, J. Cell. Biochem 22 (1983) 1–14.
[19] N.T. Tandeau de Marsac, Occurrence and nature of chromatic adaptation in
cyanobacteria, J. Bacteriol. 130 (1977) 82–91.
[20] Z. Duxbury, M. Schlip, R.J. Ritchie, A.W.D. Larkum, M. Chen, Chromatic
photoacclimation extends utilisable photosynthetically active radiation in the chlo-
rophyll d-containing cyanobacterium, Acaryochloris marina, Photosynth. Res. 101
(2009) 69–75.
[21] A.R. Grossman, Amolecular understanding of complementary chromatic adaptation,
Photosynth. Res. 76 (2003) 207–215.
[22] D.M. Kehoe, A. Gutu, Responding to color: the regulation of complementary chro-
matic adaptation, Annu. Rev. Plant Biol. 57 (2006) 127–150.
[23] A. Gutu, D.M. Kehoe, Emerging perspectives on themechanisms, regulation, and dis-
tribution of light color acclimation in cyanobacteria, Mol. Plant 5 (2012) 1–13.
[24] B. Palenik, Chromatic adaptation in marine Synechococcus strains, Appl. Environ.
Microbiol. 67 (2001) 991–994.
[25] M.J. Perry, M.C. Talbot, R.S. Alberte, Photoadaptation in marine phytoplankton:
response of photosynthetic unit, Mar. Biol. 62 (1981) 91–101.
[26] B.L. Montgomery, Shedding new light on the regulation of complementary chromat-
ic adaptation, Cent. Eur. J. Biol. 3 (2008) 351–358.
[27] F. Gan, G. Shen, D.A. Bryant, Occurrence of far-red light photoacclimation (FaRliP) in
diverse cyanobacteria, Life 5 (2015) 4, 4fehttp://dx.doi.org/10.3390/life5010004.
[28] J.F. Haury, L. Bogorad, Action spectra for phycobiliprotein synthesis in a chromatical-
ly adapting cyanophyte, Fremyella diplosiphon, Plant Physiol. 60 (1977) 835–839.
114 Y. Li et al. / Biochimica et Biophysica Acta 1857 (2016) 107–114[29] F. Gan, et al., Extensive remodeling of a cyanobacterial photosynthetic apparatus in
far-red light, Science 345 (2014) 1312–1317.
[30] F. Gan, D.A. Bryant, Adaptive and acclimative responses of cyanobacteria to far-red
light, Environ. Microbiol. (2015)http://dx.doi.org/10.1111/1462-2920.12992.
[31] M. Chen, et al., A red-shifted chlorophyll, Science 329 (2010) 1318–1319.
[32] M. Chen, Y. Li, D. Birch, R.D. Willows, A cyanobacterium that contains chlorophyll
f—a red-absorbing photopigment, FEBS Lett. 586 (2012) 3249–3254.
[33] Y. Li, Y. Lin, P. Loughlin, M. Chen, Optimization and effects of different culture con-
ditions on growth of Halomicronema hongdechloris—a ﬁlamentous cyanobacterium
containing chlorophyll f, Front. Plant. Sci. 5 (2014), 67.
[34] G. Tang, et al., EMAN2: an extensible image processing suite for electron microsco-
py, J. Struct. Biol. 157 (2007) 38–46.
[35] E.P. Gilbert, J.C. Schulz, T.J. Noakes, ‘Quokka’—the small-angle neutron scattering in-
strument at OPAL, Physica B 385−386 (2006) 1180–1182.
[36] J.S. Pedersen, Resolution effects and analysis of small-angle neutron scattering data,
J. Phys. IV 3 (C8) (1993) 491–498.
[37] C.J. Garvey, T. Lenne, K.L. Koster, B. Kent, G. Bryant, Phospholipid membrane protec-
tion by sugar molecules during dehydration—insights into molecular mechanisms
using scattering techniques, Int. J. Mol. Sci. 14 (2013) 8148–8163.[38] R. MacColl, Allophycocyanin and energy transfer, Biochim. Biophys. Acta 1657
(2004) 73–81.
[39] W.M. Schluchter, D.A. Bryant, Analysis and reconstitution of phycobiliproteins:
methods for the characterization of bilin attachment reactions, in: A.G. Smith, M.
Wutty (Eds.), Heme, Chlorophyll, and Bilins, Humana Press, Totowa, New Jersey,
USA 2002, pp. 311–334.
[40] E.F. Pettersen, et al., UCSF chimera—a visualization system for exploratory research
and analysis, J. Comput. Chem. 25 (2004) 1605–1612.
[41] G.D. Pintilie, J. Zhang, T.D. Goddard, W. Chiu, D.C. Gossard, Quantitative analysis of
cryo-EM density map segmentation by watershed and scale-space ﬁltering, and
ﬁtting of structures by alignment to regions, J. Struct. Biol. 170 (2010) 427–438.
[42] F. Cser, About the Lorentz correction used in interpretation of small-angle
X-ray scattering data of semicrystalline polymers, J. Appl. Polym. Sci. 80 (2001)
358–366.
[43] D.R. Ort, et al., Redesigning photosynthesis to sustainably meet global food and
bioenergy demand, PNAS 112 (28) (2015) 8529–8536.
